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PREPARATION OF THE LAYER-BY-LAYER ASSEMBLED MATERLiLS 
FROM DISPERSIONS OF fflGHLY ANISOTROPIC COLLOIDS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

ITiis invention relates generally to composites made by layer-by-layer 

assembly materials firom dispersions of highly anisotropic colloids. 

5 2. Background: 

Nanoscale dispersions have been investigated as new materials for traditional 
electronic and optical applications, chenucal and biological sensors, and as building 
blocks for conceptually novel molecule-based devices. In many applications, 
nanoscale dispersions are used as composite materials whose properties, among other 

10 factors, can be controlled by the aspect ratio of the particles in dispersion. As used 
herein with respect to a particle, the term "high aspect ratio" refers to a non-spherical 
species having at least one dimension differing from the others by a ratio of at least 
1:1.5. An increase of the particle anisotropy can lead to new quantum mechanical 
effects in the nanoscale dispersions as well as to improved mechanical, optical and 

15 electrical properties of the composite matmals made from the nanoscale dispersions. 
The preparation of such composites and their applications differ significantly from 
nanoscale dispersions and also differ significantiy from layer-by-layer assembly of 
spherical or low-anisotropy colloids. 

Examples of such composites from highly anisotropic materials include 

20 composites prepared from metal and semiconductor nanorods and carbon nanotubes. 
These composites are expected to have much higher diffusion rates of charge carriers 
through the composites and significantiy improved mechanical strength. However, 
preparation of such composites, especially from carbon nanotubes, is a longstanding 
and difficult problem due to poor miscibility of high aspect ratio particles with other 
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compounds such as polymers. Although miscibility can be partially improved by 
surface modification of the nanotubes and other means, a tendency for separation still 
occurs at high nanotube loadings. Alignment of carbon nanotubes in the polymer 
matrix leads to substantial improvement of electrical, mechanical, and optical 
5 properties. 

Thin film technology, wherein inorganic particles with sizes on the order of 1- 
100 nm are arranged in layers to form a film, is being used presently for an 
increasingly large number of different technological applications, including, among 
other things, information storage systems, chemical and biological sensors, fiber- 

10 optical systems, magneto^ptical and optical devices, pervaporation membranes, 
protective coatings and light emitting diodes. Curtent techniques for preparing such 
films include chemical vapor deposition (in which no discrete inorganic particles are 
involved), sol-gel technology (producing porous materials that can be sintered to get 
uniform films), or deposition from colloidal dispersions (spin-coating, dip-coating, 

15 Langmuir-Blodgett deposition, etc.). Layer-by-layer assembly (LBL) is a method of 
thin film deposition, which is often used for oppositely charged polymers or polymers 
otherwise having affinity and has recently been applied to the preparation of thin 
films of nanoparticles. fts simplicity and universality, complemented by the high 
quality films produced thereby, make the layer-by-layer process an attractive 

20 alternative to odier thin film deposition techniques. LBL can be applied to a large 
variety of water-soluble compounds and is especially suitable for the production of 
stratified thin films in which layers of nanometer thickness are organized in a specific 
predetemiined order. 



2 
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It is thus an object of the present invention to provide a method for the 
assembly of materials that incorporate highly anisotropic colloids using a layer-by- 
layer process. 

It is a further object of the invention to circumvent the tendency for separation 
5 of nanotubes at high nanotube loadings. 

A further object of the present invention is to provide a method for the 
assembly of materials that incoqporate aligned highly anisotropic colloids using a 
layer-by-layer process. 

A further object of the invention is to provide a method or caibon nanotube 
10 alignment, which among other advantages makes possible the preparation of unique 
criss-crossed composites. The cross-linked bonds may be formed during the 
deposition of layers, between the deposition of layers and after all desired layers have 
been deposited or after the film has been removed from the substrate. 

The preparation and utilization of ultra strong composites from highly 
15 anisotropic colloids is also an object of (his invention. 

SUMMARY OF TEffi INVENTION 
One aspect of the invention concerns preparation of thin films and bulk 
materials from organic and inorganic dispersions containing particles with high aspect 
ratios. Dispersions of high aspect ratio particles can be prepared by synthesis of 
20 corresponding colloids in a desirable media or surface modification of pre-made 
compounds. When a dispersion is made, colloidal particles are adsorbed on a layer of 
polyelectrolyte, preferably a monolayer or nanoscale layer, supported by a solid 
substrate. By repeating deposition cycles, multilayer films are created that contain 
adsorption layers of anisotropic high aspect ratio particles that alternate with layers of 
25 polyelectrolytes or other chemical compounds used as partners to the anisotropic higjx 
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aspect ratio particles. Subsequent to the assembly of a desired number of layers, iht 
multilayer film may be subjected to further chemical and physical processing for 
purposes of, for example, separating a prepared multi-layer film from a substrate or 
subjecting a prepared multi-layer film to mechanical stress. 

5 Much of the interest in carbon nanotube composite materials is for their use as 

high strength, lightweig^it materials. Applications in which carbon nanotube 
composites may have an advantage include those applications in which carbon fiber 
or glass fiber composites are currently used. These applications include, but are not 
limited to structural materials in aircraft, automobiles, boats, submarines, and other 

10 transport vehicles; sporting equipment such as tennis racquets, golf clubs, and sail 
boat masts; solar sails; pressurized tanks; and body armor. Such ultra strong 
composites can be made not only from carbon nanotubes but also from other 
nanocolloids with high aspect ratio, to produce, for instance analogs of nanostructured 
artificial nacre. 

15 A better understanding of the present invention, its several aspects, and its 

objects and advantages will become apparent to those skilled in the art from the 
following detailed description, taken in conjunction with the attached drawings, 
wherein there is shown and described the preferred embodiment of the invention, 
simply by way of illustration of the best mode contemplated for carrying out the 

20 invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
HG. 1 is a schematic diagram of anisotropic particles having a high 
geometrical aspect ratio. ^ 

HG. 2A is a schematic diagram of a flat substrate. 
25 HG, 2B is a schematic diagram of a curved substrate. 
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FIG. 3 is a schematic showing the layer-by-Iayer assembly method 
FIG. 4 is a cross sectional view of a model LBL structure. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

5 Before explaining the present invention in detail, it is important to understand 

that the invention is not limited in its application to the details of the construction 
illustrated and the steps described herein. The invention is capable of other 
embodiments and of being practiced or carried out in a variety of ways. It is to be 
understood that the phraseology and terminology employed herein is for the purpose 

10 of description and not of limitation. 

Aqueous or other dispersions of high aspect ratio particles can be prepared by 
(a) synthesis of coixesponding colloids in a desirable media, or (b) surface 
modification of premade compounds by chemical processing, such as derivatization 
with covalent bonds, adsorption of the polymer, partial oxidation/reduction of the 

15 particle surface, recharging with low molecular weight species, ultrasonication and 
similar processing techniques. Most of these practical implementations of 
nanotechnology require immobilization of high aspect ratio particles on various 
substrates in the form of thin films. The high aspect ratio particles can also be used in 
the form of composite bulk materials that take advantage of unique electrical, optical, 

20 magnetic, catalytic, biological and other applications of nanodispersions. 

Referring now to FIG. 1, among the possible applications, a preferred 
application involves dispersions made from anisotropic particles with a high 
geometrical aspect ratio, such as nanorods 10, platelets 12, oxide tubules 14, carbon 
nanotubes 16, and solid non-spherical latex and polymer particles 18, and others, 

25 wherein a particle having a "high geometrical aspect ratio" refers to a non-spherical 
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species having at least one dimension differing from the others by a ratio of at least 
1:1.5, more preferably between 1:10 and 1:100, and, most preferably, greater than 
1:100. Anisotropic particles having a high geometrical aspect ratio exhibit special 
properties that can significantly improve the functional properties of various 

5 nanomaterials as compared to spherical particles. Examples of improved functional 
properties include, but arc not limited to, improvement of mechanical properties of 
thin films and membranes resulting from fibrous high aspect ratio particles, 
improvements in the barrier properties resulting from nanoplatelets, and 
improvements in charge transfer capabilities resulting from semiconductor/metal 

10 nanorods and carbon nanotubes. 

When a dispersion is made, colloidal particles 24 are adsorbed on a 
(mono)layer of polyelecttolyte 22 supported by a solid substrate. The solid substrate 
can be a flat plate 20 (FIG. 2A), a highly curved surface 26 (HG. 2B), a biological 
organism, a thread, an optical fiber, or other colloidal particles having a larger size. 

15 The substrate may additionally be a capsule comprised of a material selected from the 
group of organic, inorganic, polymeric and biological materials, wherein the capsule 
has a larger size than the highly anisotropic colloid. In addition to polyelectrolyte, 
other compounds may be used for (mono)layer 22 that are capable of both adsorbing 
on the substrate 20, 26 and attracting dispersions from high aspect ratio particles 10, 

20 12, 14, 16, 18 from chosen dispersions. Examples of dispersions include biological 

substances, structural stabilizing material, single wall carbon nanotubes, multi-wall 

carbon nanotubes, oxide tubules, metal nanowires, semiconductor nanowires, metal 

nanorods, semiconductor nanorod, solid non-spherical polymer particles, including 

particles made of latex, J-aggregates from organic dyes, and nanosheet platelets. For 

25 simplicity of notation, anisotropic high aspect ratio particles 10, 12, 14, 16, 18 will be 

6 
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lefetred to boein as A, whUe polyelectrolytes or other chemical compounds that 
make up the (mono)layer 22 used as partners to the anisotropic high aspect ratio 
particles A in the layer-by-layer assembly (LBL) will be referred to herein as B. 
Conditions of the adsorption steps of B on the substrates 20, 26, A on flie substrates 
5 20, 26, A on B, and B on A can be adjusted to obtain fihns of high aspect ratio 
particles A of desirable density and required packing. Additionally, a chemical 
composition of the dispersion and the structure and molecular weight of the polymer 
can be adjusted to obtain films having high aspect ratio particles A of desirable 
density and requued packing. 
10 Referring now to HG. 3, multilayer films containing alternating adsorption 

layers of A and B can be obtained by cyclic repetition of the following steps: (1) 
adsorption of A on B, e.g. step 30, (2) rinsing, e.g. step 32, (3) absorption of B on A, 
e.g. step 34, and (4) rinsing, e.g. step 36, which procedure is set out in detail in PCT 
PubUcation WO 00/44507, which publication is incorporated herein by reference. 
15 The rinsing may be done with a solvent. One repetition of tijese four steps shaU be 
referred to herein as a deposition cycle in the LBL process. Optional drying steps can 
be included between steps. An LBL fihn 50 (FIG. 4) obtained after n deposition 
cycles is genetically referred to herein as (A®V Affinities of hiyeis on flie substrate 
may result from electrostatic attraction between oppositely charged materials, Van der 
20 Waals forces, a combination of attractions or for otiiear reasons. Van der Waals forces 
include hydrogen bonding, donor-acceptor interactions, dispersive forces, lock and 
key interactions, stereotactic interactions, hydrophobic interactions, and dipole-dipole 
interactions to name several exaiD{>Ies. 

During flie fihn assembly, compounds of A and B may be replaced, at least 
25 partiaUy, by some otiier species, examples of which arc provided in WO 00/44507, to 
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obtain multilayers with built-in stratification and/or a property gradient Graduated 
properties may include but are not limited to strength, flexibility, index of refraction, 
emission wavelength and the composition of the material. Additionally, the 
properties may be varied for applying stress in differ^t regions of the film, to provide 
5 increased strength to the substrate, to form one section of a film that has coirosion 
resistant section, to prevent spalling of the substrate when the substrate is broken, and 
to prevent shattering of the substrate the substrate is broken. Individual layers of high 
aspect ratio particles A can be alternated with different particles, e.g., a third 
substance. 

10 During assembly, various treatments may be applied to / induce 

orientation/ordering of A and B with respect to each other as weU as with respect to 
the substrate. Examples of such treatments include (1) lateral liquid flow along the 
substrate, (2) external magnetic/electrical field, and (3) patterns applied on the 
substrate. Ordering by liquid flow may be implemented by carrying out the assembly 

15 in a flow cell when the dispersion of the species to be adsorbed is moving along the 
substrate surface with a controlled rate. The flow cell may be designed as a closed- 
loop circulation of the dispersion or as a spray aimed at a certain direction to the 
surface. 

The adsorption steps of high aspect ratio species may also be carried out in an 

20 extemal force field, for instance electrical or magnetic fields. The gradient of tiie 

field applied in a desirable orientation to the substrate surface will interact with 

species to be assembled thereby orienting the species accoriling to the force field 

lines. 2D or 3D Patterning of the substrate surface may be used to affect tiie 

orientation of the adsorbed particles. Patterning may be used to achieve preferential 

25 assembly on areas with greater affinity to the adsorbing species. The geometry of 

8 
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these areas may be such that it requires the nonspherical spedes to adsorb in a 
preferential orientation. The interface between patterned and non-patterned areas or 
patterns having a different chemical nature may also be a factor affecting the 
preferential orientation of the adsorbing species. 

5 Subsequent to assembly of a desired number of layers, the entire LBL 

assembly 40 ^G. 40) can be subjected to furdier chemical and physical processing, 
such as exposure to gases, solutions, force field, etc. Secondary processing steps 
include separation of the prepared multilayer film from the substrate. 

Ttie (A/B)n multilayers can be separated from the substrate as specified in PCX 

10 Publication No. WO 01/72878, which publication is also incorporated herein by 
reference. After multilayers are separated from a substrate, the membranes thus 
produced can be further processed by LBL coating or other means. The membranes 
also can be folded a desirable number of times and/or pressed or compacted to 
produce a bulk material analog of the ultrathin membrane. Multiple folded thin films 

15 may be combined. 

Secondaiy processing may also include subjecting the prepared multilayer 
film to mechanical stress, thermal treatment or by exposing the film to a solution of 
different pH, to a- solution of a high salt concentration, to a higji humidity 
environment, or to a low humidity environment. For example, stretching of the 

20 membrane or stretching of the original (A/B)n multilay^ on a suitable substrate will 
lead to a (re)alignment of high aspect ratio particles. Such stretched materials are 
expected to have significantly different mechanical, optical, and electrical properties 
than unstretched ones. Thermal treatment of the multiplayer can result in crosslinking 
of the material, which further increases the strength and toughness of the composite. 

25 Crosslinking may also be accomplished by exposing the film to a chemical agent, 
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such as glutaraldehyde, exposing the film to ionizing radiation, ultraviolet radiation, 
and visible radiation. 

The prepared multilayer materials from high aspect ratio pardcles prevent 
phase separation because each new adsorption significantly reduces the mobility of 
5 the previous adsorption, and therefore, the composition and packing of each layer is 
controlled by deposition conditions. 

The preferential implementations of the proposed technique includes 
preparation of the LBL multilayer 40 from carbon nanotubes, 11- VI semiconductor 
nanorods and nanowires, noble metal nanorods, and J-aggregates fix)m organic dyes, 
10 platelets and sunilar compounds. 

The thin films formed by the above described process may be used for a 
variety of applications, which include but are not limited to incorporation into a 
filtration membrane, the use of oxide tubules to store materials for later release, such 
as anti-corrosion chemicals, anti-biological warfare agents, anti-chemical warfare 
15 agents, resin repair reagents, or drugs to be delivered. Additionally, the thin films 
may be incorporated into optical materials with birefringence, non-linear optical 
materials biomedical coatings, to form biomedical implants such as replacement 
ligaments, artificial vessels, or coating on artificial joints. Purtiier, the thin films may 
be made of electrically conductive anisotropic nanoparticles for signaling, fault 
20 detection, electromagnetic shielding, sensing mechanical stress, or actuators. 

The present invention will be ftuther understood witii reference to the 
following non-limiting experimental examples. 

Example 1: 

Carbon nanotubes, both single-wall (SWNT) and multi-wall (MWNT), are 
25 significantly stronger than carbon fiber. For example, the range of tensile strengtii 
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values of nanotubes is 11-63 GPa, while for cartwn fibers it is measured to be around 
3.5 GPa. Ihcorporaticn of carbon nanotubes in a polymer matrix should result in 
greater mechanical performiance of composite material. However, previous attenopts 
to obtain such composite materials resulted in strong separation of the polymer and 

5 carbon nanotube phases, which led to premature mechanical failure. This is primarily 
attributed to poor polymer matrix-SWNT connectivity. Both problems can be 
successfully mitigated when the SWNT composite is made following a protocol of 
layer-by-layer assembly. Nanometer-scale uniform composites with SWNT loading 
as high as 50% can be obtained. Freestanding SWNT/polyelectrolyte membranes 

10 delaminated from the solution were found to be exceptionally strong. 

SWNTs having an aspect ratio of approximately 1:1000 were manufactured by 
laser vaporization of carbon rods doped with Co, Ni and FeS in an atmosphere of 
Ar:H2. A suspension of SWNT raw material was refiuxed in 65% HNO3 and 
subsequently purified by centrifugation. Supplemented by sonication, this treatment 

15 results in die partial oxidation of about 5% of the total number of carbon atonw both 
in the caps and walls of SWNT. The presence of carboxylic acid groups allows the 
preparation of metastable SWNT dispersions after 1 min of sonication in deionized 
water witiiout any additional surfactant. These negatively chained SWNTs with a 
zeta-potential of -^.08 V can be assembled layer-by-layer with positively charged 

20 polyelectrolyte, such as branched poly(ethyleneimine), of molecular weight Mw = 

70,000. Because the overall negative charge of the SWNT used here was fairly small, 

after every fifth deposition cycle, a layer of SWNT was replaced witii a layer of 

poly(acry]ic acid) (PAA,Aldrich),Mw = 450,000. These additional layers improve the 

linearity of the deposition process, and present a convenient chemical anchor for 

25 subsequent chemical modification. For the same reasons, a single FEI/PAA bilayer 

11 



wo 03/103854 PCT/US03/17798 

was deposited on a bare glass or silicon substrate before the SWNT assembly. All 
solutions were made in 18 MOhm deionized water. Deionized water was also used for 
rinsing at pH 8.5 adjusted by NaOH. Wafers/glass slides were cleaned in piranha 
solution (a 1:3 mixture of 30% H2O2 and concentrated H2SO4; note that this mixture is 
5 dangerous as it violently reacts with organics), rinsed with deionized water, sonicated 
for IS min and again thoroughly rinsed with deionized water. They were then coated 
with a precursor layer: PEI (10 min) + PAA (15 min, pH = 3), followed by the 
deposition of (PEI/SWNT)5. The 1% PEI solution was at pH 8.5; 1% PAA solution 
was at pH = 6 (pH = 3 for wafer coating); SWNT solution was at pH = 6.8. The layer 

10 sequence of (PEl/PAA)(PE]ySWNT)5 was repeated until a desirable thickness was 
obtained Exposure times of 10 and 60 min were used for polylectrolytes and SWNT 
baths, respectively. The assembly conditions of the entire procedure (such as pH, 
ionic strength and concentrations) were optimized so that the dipping cycles could be 
repeated as many times as needed with linear growth of the multilayers. This enables 

15 the preparation of films with any desirable thickness and architecture tailored to 
different applications. Multilayer stacks with a cumulative structure of 
((PE]/PAA)(PEI/SWNT)5)6 and (CPEI/PAA)(PE1/SWNT)5)8 containing 30 and 40 
(PEl/SWNT) bilayers, respectively, were typically used in this study. 

Similar to other polyelectrolyte LBL systems, an interdigitated layer of SWNT 

20 is deposited in each deposition cycle. The final morphology of the multilayers can be 
described as a mixture of individual carbon nanotubes and their 4-9 tm bundles 
intricately interwoven together in a fine fabric. Stmcturally, it is preferred that 
SWNT uniformly covers the entire surface of the substrate without any evidence of 
phase separation. Also, in the experimaits, the presence of oxidized flat graphite 
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sheets, and other forms of carbon colloids, was minimal. Both these factors 
contributed to the mechanical properties of the composites. 



Example 2: 

5 PEI was used as the LBL partner of SWNT because of the terminal -NH2 and 

backbone -NH- groups in the main chain and branches, which are suitable for the 
subsequent chemical modification of the composite. The PEI chains can be either 
crosslinked with each other or with carboxyl groups on SWNT and PAA. Chemical 
stitching increases the connectivity of the polyelectrolyte matrix with SWNT, and 

10 therefore the load transfer in the composite. A combination of both modification 
pathways are used. Partial covalent SWNT-PEI-PAA crosslinking was achieved by 
heating the films to 120^C after the deposition of each layer, resulting in amide bonds 
between a variety of protonated and non-protonated functional groups of PEI, PAA 
and SWNT, which complemented the intrinsic ionic crosslinking of the LBL fihns. 

15 Subsequently, the fihn was crosslinked in 0.5% glutaraldehyde 
(OCHCH2CH2CH2CHO) aqueous solution for 1 h at room temperature. To remove 
unreacted glutaraldehyde, the film was rinsed with tap water for 3 x 10 minutes and 
then with deionized water for the same period. This reaction produces a tight network 
of polymeric chains and nanotubes connected by dialdehyde linkages. It was found 

20 tiiat if only 1% of all carbon atoms of SWNT are chemically bonded to the polymer 
matrix, such crosslinking drastically increases the sheer between them by an order of 
magnitude. Therefore, a 5% density of -COOH groups on the SWNT surface 
described above should be sufficient to obtain good connectivity with tiie 
polyelectrolyte matrix. 

25 
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Example 3: 

Carbon nanotubes can be aligned in parallel within the deposited layers. One 
way to achieve this is to flow the nanotube solution during the deposition step. The 
alignment procedure was performed for SWNT havmg a high aspect ratio solutions 
utilizing a custom made closed loop flow cell equipped with a mini-pump and 
regulating the flow rate of the solution. It was found that with the increase of flow rate 
the alignment of tubes is also accompanied by tiheir lateral assembly in ribbons. Such 
a morphology maximizes both the attraction to the oppositely charged substrate plane 
and Van-der-Waals forces between the SWNT and is similar to the macroscopic 
ribbon self-assembly in the liquid flow observed by Vigolo et al. Such anisotropy of 
nanotube alignment should yield greater mechanical properties of the composite in the 
direction parallel to the alignment direction. 

The parallel alignment of the nanotubes during the layer-by-layer assembly 
was obtained by using a closed loop laminar flow cell equipped with a mini-pump. 
The edge of a 1 x 1 cm silicon wafer, which faced flie SWNT dispersion flow, was 
shaped as shown on in order to avoid turbulence during the LBL deposition. The 
cleaning procedure, deposition of both the precursor bilayer and the monolayer of 
PEI-b were performed according to the procedure described above. Subsequently the 
substrate was transferred into the flow cell. A stream of SWNT dispersion with 0- 
llmL/min variable flow rate regulated by a nadni-pump, was directed along the 
substrate surface for 2 hours. Upon finishing the alignment in a flow procedure, the 
substrate with nanotube assembly was washed with DI water two times for 1 minute 
each and air dried / 

Alignment and orientation of the highly anisotropic colloids can also be 

obtained spontaneously due to high anisotropy of the adsorbing species. For instance 

14 
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the colloidal platelets will adsorb in parallel to the substrate in eveiy LBL cycle, since 
this corresponds to the maximum attraction force and greatest decrease of the free 
energy of the system. Another example is the spontaneous orientation of carbon 
fibers, semiconductor and metal nanowires in the external magnetic/electrical field. 
Applied during every LBL cycle such external fields will produce composite with 
parallel alignment of the anisotropic colloid. 

It will be apparent to those skilled in the art that the process heiein described 
for improving the physical properties of a film could be applied to a large variety of 
thin film assemblies. 

While the invention has been described widi a certain degree of particularity, 
it is manifest that many changes may be made in the details of the process of 
assembly without departing from the spirit and scope of this disclosure. It is 
understood that the invention is not limited to the experimental methods set forth 
herein for purposes of exemplification. 
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WHAT IS CLAIMED IS: 

1. A method for the assembly of a thin film containing highly anisotropic 
colloids comprising the steps of: 

a) immersing a substrate in a first solution or dispersion 
comprising a first substance, said first substance having an affinity for said 

5 substrate; and 

b) immersing said substrate in a second solution or dispersion 
comprising a second substance, said second substance having an affinity for 
said first substance, to obtain at least a two layer thin film; and 

wherein at least one of said first substance and said second substance is 
0 a highly anisotropic colloid having at least one duuension differing from the 

others by a ratio of at least 1:1.5. 

2. The method of claim 1 further comprising the step of: 
rinsing said substrate with a solvent. 
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3. 



Tlie method of claim 2 further comprising the step of: 



drying said substrate. 



4. 



The method of claim 4 further comprising the step of: 



20 



repeating steps (a) to (b) a predetermined number of times to create a multi- 



layer film. 
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5. The method of claim 2 further comprising the step of: 

periodically replacing the solution or dispersion of said first substance with a 
solution or dispersion comprising of a third substance, said third 
substance having an affinity for said substrate. 

5 

6. The method of claim 4 further comprising the step of: 

periodically replacing the second solution comprising dispersion of said 
second substance with a third solution or dispersion comprising a third 
substance, said third substance having an affinity for said first 
10 substance. 



7. The method of claim 1 wherein: 

said affinities result from all electrostatic attraction between oppositely 
charged materials. 

15 

8. The method of claim 1 wherein: 

said affinities result from van der Waals forces between said substances and 
said substrate. 

20 9. The method of claim 1 wherein: 

said affinities are due to a combination of electrostatic and van der Waals 
forces between said substances and said substrate. 
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The method of claim 1 wherein: 

said first substance and said second substance are biological substances. 
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1 1 . The method of claim 1 wherein: 

said first substance and said second substance are structural stabilizing 
materials. 

12. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising single wall carbon nanotubes that are soluble or 
dispersed in a polar solvent. 

13. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising multi wall carbon nanotubes that are soluble or 
dispersed in a polar solvent. 

14. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising oxide tubules that are soluble or dispersed in a 
polar solvent. 

15. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising metal nanowires that are soluble or dispersed in a 
polar solvent. 
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16. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising semiconductor nanowiies that are soluble or 
dispersed in a polar solvent. 

17. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising metal nanorods that are soluble or dispersed in a 
polar solvent. 

1 8. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid comprising semiconductor nanorods that are soluble or 
dispersed in a polar solvent. 

19. The method of claim 1 wherein: 

said at least one of said first and said second substances is a highly anisotropic 
colloid" comprising solid non-spherical polymer particles that are 
soluble or dispersed in a polar solvent. 

20. The method of claim 19 wherein: 

said polymer particles ate comprised of latex. 
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21. 



The method of claim 1 wherein: 



said at least one of said first and said second substances is a highly anisotropic 
colloid comprising J-aggregates from organic dyes that are soluble or 
dispersed in a polar solvent. 



22. 



The method of claim 1 wherein: 



said at least one of said first and said second substances is a highly anisotropic 
colloid comprising nanosheet platelets that are soluble or dispelled in a 



polar solvent 



23. The mediod of claim 1 wherein; 

said steps of immersion comprise a deposition step; and 

an orientation of said highly anisotropic colloid is controlled by a flow of 

liquid containing said highly anisotropic colloid past said substrate 

during said deposition step. 

24. The method of claim 23 wherein: 

said flow takes place in a flow cell that includes an open loop or a closed loop 
circulator. 

25. The method of claim 23 wherein: 

said flow is provided by an oriented spray aimed at a desired direction to a 
surface of said substrate. 
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26. The method of claim 1 wherein: 

an orientation of said highly anisotropic colloid is controlled by a magnetic or 
electrical field. 

27. The method of claim 26 wherein: 

said highly anisotropic colloid is sensitive to said magnetic or electric field. 

28. The method of claim 1 wherein: 

a placement and orientation of said highly anisotropic colloid is controlled by 
patterns applied to said substrate and to interfaces between said 
patterns. 

29. The method of claim 1 wherein: 

an orientation of said highly anisotropic colloid is controlled by mechanical 
stress. 

30. The method of claim 1 , further comprising the step of: 
removing said thin film from the substrate after its preparation. 

3 1 . The metiiod according to claim 30 further comprising the step of: 
producing a noiaterial of desired dimensions by folding said thin film. 

32. The method according to claim 31 wherein said step of producing further 
comprises: » 

combining multiple ones of said folded thin films. 
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33. The method according to claim 31 further comprising: 

compacting said folded films to produce a bulk analog of said thin film. 

5 34. The method according to claim 33 further comprising: 
chemically treating said bulk analog to combine films. 

35. The method of claim 4 further comprising the step of; 

further processing after the deposition of all layers by exposing the film to a 
10 solution of different pH. 

36. The method of claim 4 further comprising the step of: 

foxth&c processing after the deposition of all layers by exposing the film to a 
solution of a high salt concentration. 

15 

37. The mefliod of claim 4 further comprising the step of: 

further processing after the deposition of all layers by exposing the film to a 
high humidity environment. 

20 38. The method of claim 4 further comprising the step of: 

further processing after the deposition of all layers by exposing the film to a 
low humidiiy enviionment. 
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39. The method of claim 4 further comprising the stqp of: 

further processing after the deposition of all layers by subjecting the film to 
mechanical stress after preparation to change physical and/or chemical 
properties of said film. 

40. The method of claim 4 further comprising the step of: 

preventing phase separation of said highly anisotropic colloid from 
polyelectrolytes used in other deposition layers. 

41 . A thin fihn constructed according to the method of claim 1 . 

42. The thin film according to claim 41 wherein: 
said substrate is a fiat planar substrate. 

43 . The thin film according to claim 41 wherein: 
said substrate is a highly curved substrate. 

44. The thin film according to claim 41 wherein: 
said substrate is a biological organism. 

45. The thin film according to claim 41 wherein: 
said substrate is a thread. 

46. The thin film according to claim 41 wherein: 
said substrate is an optical fiber. 
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47. The thin film according to claim 41 wherein: 

said substrate is a colloidal particles having a larger size than the highly 
anisotropic colloid. 

48. The thin film according to claim 41 wherein: 

said substrate is a capsule comprised of a material selected from the group of 
organic, morganic, polymeric and biological materials, said capsule 
having a larger size than said highly anisotropic colloid. 

49. The thin film according to claim 41 wherein: 

said substrate, said first substance and said second substance comprise layers 
that are cross-linked by forming chemical bonds between said highly 
anisotropic colloid and said substances. 

50. The thin film according to claim 41 , wherein: 

said substrate provides a permanent support for the film. 

51. The thin film according to claim 49 wherein: 
said layers are cross-linked upon heating the fihn. 

52. The thin film according to claim 49 wherein: 

said layers are cross-linked upon exposing the film to a chemical agent 
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53. The thin fihn according to claim 51 wherein: 
said chemical agent is glutaraldehyde. 



PCT/US03/17798 



54. The thin film according to claim 49 wherein: 

said layers are cross-linked upon exposing the film to ionizing radiation. 

55. The thin film according to claim 49 wherein: 

said layers are cross-linked upon exposing the film to ultraviolet radiation. 

56. The thin fihn according to claim 49 wherein: 

said layers are cross-linked upon exposing the fihn to visible radiation. 

57. The thin fihn according to claim 49, wherein: ' 

layers containing said highly anisotropic colloid are stratified such that the 
properties of the highly anisotropic colloid in each layer vary. 

58. The thin fihn according to claim 57 wherein: 

said layers of the highly anisotropic colloid vary in each layer in a regular 
fashion, thereby forming a fihn with graduated properties that may 
include but are not hmited to strength, flexibility, mdex of refiraction, 
emission wavelengdi and the composition of tfie material. 

59. The thin film according to claim 57, wherein: 

said properties of the highly anisotropic colloid vary m each layer for applying 
stresses in different regions of said film. 
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60. Hie thin film according to claim 49 wherein: 

said layers containing the highly anisotropic colloid provide increased strength 
to the substrate. 

61 . The thin film according to claim 49 wherein: 

said layers containing the highly anisotropic coUoid form one section of a film 
that also has corrosion resistant sections. 

62. The thin film according to claim 49 wherein: 

said thin film prevents spalling of the substrate when the substrate is broken. 

63. The^thin film according to claim 49 wherein: 

said thin fihn prevents shattering of the substrate when the substrate is broken. 

64. The thin film according to claim 49 wherein: 

said thin film is incorporated into an application selected ftom the following 
applications of body annor and parts for mechanical devices. 

65. The thin film according to claim 49 wherein: 

said thin film is incorporated into a filtration membrane. 
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66. The thin fihn according to claim 49 wherein: 

said oxide fubules store materials for later release, such as anti-corrosion 
chemicals, anti-biological warfare agents, anti-chemical warfare 
agents, resin repair reagents, or drugs to be delivered. 

5 

67. The thin film according to claim 49 wherein: 

said thin fihns are incorporated into optical materials with bireMngence. 

68. The thin film according to claini 49 wherein: 

10 said thin films are incorporated into non-linear optical materials. 

69. The thin film according to claim 49 wherein: 

said thin films are incorporated into biomedical coatings 

15 70. The tiiin fihn according to claim 49 wherein: 

said thin films are used to form biomedical implants or devices. 

71. The thin fihn according to claim 49 wherem: 

said thin fihns are comprised of electrically conductive anisotropic 
20 nanoparticles. 
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